CNS angiogenesis and blood-brain barrier (BBB) formation are coupled, as each process requires Wnt/b-catenin signaling in endothelial cells. The BBB enables neural function by regulating the extracellular milieu and protects the CNS from toxins and pathogens. Impairment of the BBB may lead to seizures and is implicated in neurodegenerative diseases and retinopathies. Among the cell types in the neurovascular unit, endothelial cells have a key role in BBB function.
Wnt/b-catenin signaling (also known as canonical Wnt signaling) is mediated by receptors of the frizzled (FZD) family and co-receptor LRP5 or LRP6, which transduce signals across the plasma membrane. Among the 19 Wnts, WNT7A and WNT7B have important functions as inducers of CNS angiogenesis and barriergenesis. In cell-based assays, various FZDs and LRP5/6 mediate only moderate pathway activation in response to WNT7A and WNT7B; however, a recent report shows that the duo of two membraneassociated proteins, GPR124 and RECK, enhances signaling dramatically (Vanhollebeke et al., 2015) . Intriguingly, signaling induced by any of the other 17 WNTs is not co-activated by GRP124 (an orphan GPCR) and RECK (a GPI-anchored protein), highlighting poorly understood roles of the co-activators in determining ligandspecific responses. Both GPR124 and RECK are implicated in CNS vascular biology and canonical signaling in vertebrate model organisms (Posokhova et al., 2015; Ulrich et al., 2016; Vanhollebeke et al., 2015; Zhou and Nathans, 2014) , but how GPR124 and RECK cooperate and whether they function in a Wnt receptor complex remain unclear. Jeremy Nathans and colleagues (Cho et al., 2017) now elucidate the role of RECK in the mammalian CNS vasculature and show that GPR124 and RECK associate with WNT receptor complexes in a WNT7-dependent manner (Figure 1 ).
Recent studies from several teams converge on a model in which both GPR124 and RECK are linked to CNS vascular development and WNT/b-catenin signaling (Noda et al., 2016) . Embryonic Gpr124 mutant phenotypes include forebrain hemorrhages and angiogenesis defects in the cortex, ganglionic eminence, and spinal cord. In adult mice, endothelial cell-specific Gpr124 gene inactivation causes BBB integrity defects in a stroke model and glioblastoma (Chang et al., 2017) . Inactivation of Gpr124 can be partially rescued by induction of stabilized b-catenin (Zhou and Nathans, 2014) , and Gpr124 genetically interacts with Wnt7a and Wnt7b (Posokhova et al., 2015) . However, whether mammalian RECK functions in WNT7/ b-catenin signaling is unclear.
If RECK indeed functions together with GPR124 in the CNS vasculature, one would expect to observe (1) characteristic phenotypes in Reck mutant mice in the same CNS regions that show defects in Gpr124 mutant mice, (2) altered Wnt signaling levels in the CNS vasculature, (3) genetic interactions in compound mutant mice with reduced Reck and Wnt7 gene dosage or Reck and Gpr124 gene dosage, and (4) rescue of Reck mutant phenotypes upon expression of stabilized b-catenin in endothelial cells. Cho et al. (2017) test this entire set of predictions by conducting carefully quantified and comprehensive mouse genetic experiments using a set of Reck alleles introduced by Noda and colleagues (de Almeida et al., 2015) . Reck deletion in endothelial cells causes CNS angiogenesis defects that are highly similar to the phenotypes previously reported in Gpr124 mutant mice, including moderate hemorrhages in the forebrain; glomeruloid vascular malformations in the cortex, medial ganglionic eminence, and spinal cord; and increased macrophage infiltration into these areas. In neonates, Cho et al. (2017) observe BBB defects upon endothelial cell-specific Reck inactivation. Two findings provide strong evidence that these phenotypes are due to impaired b-catenin-dependent signaling. First, a new conditional reporter for Wnt signaling is used to show that reporter activity in Reck mutant endothelial cells is indeed reduced. Second, impaired angiogenesis and hemorrhages are substantially rescued by expression of stabilized b-catenin in endothelial cells.
The most potent co-activation of WNT7/ b-catenin signaling in cell-based assays is observed when GPR124 and RECK are both present (Vanhollebeke et al., 2015) . In accordance with this finding, Cho et al. (2017) show that forebrain and spinal cord hemorrhages are more severe in compound mutant mice with combined endothelial cell-specific loss of Gpr124 and Reck. Reduction of Reck in mice lacking three out of four WNT7 alleles results in a marked decrease of vascular density in all examined CNS regions.
Canonical signaling in endothelial cells can be initiated by the ligand Norrin (gene symbol Ndp), which has critical functions in retinal angiogenesis and blood-retina barrier formation. In some CNS structures, e.g., in the developing hindbrain, Wnts and Norrin act redundantly. Norrin is a potent canonical ligand specifically for FZD4, hence the term Norrin/Frizzled4 signaling. Unlike WNT7/b-catenin signaling, NDP/ FZD4 signaling is not amplified by GPR124 or RECK in cell-based assays. Instead, NDP/FZD4 signaling is boosted by a distinct receptor complex component of the tetraspanin family, TSPAN12 (Lai et al., 2017) (Figure 1) . In contrast to single mutant mice, compound mutant mice in which Gpr124 and Ndp are both inactivated show severe embryonic hindbrain angiogenesis defects and widespread postnatal BBB defects (Zhou and Nathans, 2014) . Cho et al. (2017) show that Reck and Ndp engage in similar genetic interactions as Gpr124 and Ndp, resulting in impaired embryonic hindbrain angiogenesis and widespread BBB defects in the postnatal brain.
Together, the compelling genetic experiments in this study and the cell-based experiments reported by Vanhollebeke et al. (2015) show that GPR124 and RECK are both required to fully co-activate WNT7/ b-catenin signaling. Similar functions have been reported in zebrafish (Ulrich et al., 2016; Vanhollebeke et al., 2015) .
With the functional interactions of GPR124, RECK, and WNT7 established, Cho et al. (2017) turn to an analysis of domain functions (using a reporter cell line) and protein-protein interactions. In GPR124, the N-terminal LRR (leucinerich repeat) and Ig (immunoglobulin) domains are required for signaling, whereas HormR (hormone receptor) and GAIN (putative GPCR autoproteolysis inducing) domains are largely dispensable (see also Posokhova et al., 2015) . In the case of RECK, full co-activator activity depends on multiple domains; however, removing the N-terminal CC1-5 domains (five tandem copies of a domain with a di-cysteine motif) causes the most severe signaling defects.
Cell surface binding assays using alkaline phosphatase GPR124 (LRR-Ig)-COMP-AP and RECK(CC1-5) COMP-AP probes reveal GPR124/RECK binding. The alkaline phosphatase (AP) tag allows probe detection on the cell surface; the COMP domain pentamerizes and therefore increases the avidity of the probe. In GRP124, the N-terminal LRR and Ig domains are essential for RECK-probe binding. Thus, GPR124 LRR and Ig domains are required for both RECK-probe binding and co-activation of WNT7 signaling. With the caveat that the LRR-Ig unit may engage in additional protein interactions, the results point to a role of the GPR124/RECK interaction in signaling. And, with the caveat that full-length RECK may use a second interface to bind to full-length GPR124, the results indicate that the LRR-Ig domains are necessary for the GPR124/RECK interaction. Although the HormR domain deletions have only moderate defects in GPR124-mediated co-activation of WNT7 signaling, the HormR domain deletion shows strong defects in RECK-probe binding. This observation may be explained by steric hindrance. Similar experiments using the GPR124(LRR-Ig) COMP-AP probe reveal that the RECK CC1-5 domains are not only important for co-activation in signaling assays, but also for GPR124-probe binding. Yet, the congruency with respect to which RECK domains are required for binding and signaling is not complete, suggesting that RECK engages in a network of additional protein interactions.
Importantly, Cho et al. (2017) demonstrate the direct interaction of RECK CC1 and GPR124(LRR-Ig) in a cell-free assay and identify a conserved binding interface for GPR124/RECK binding. Mutations in this interface in the RECK CC1 domain impair signaling in a reporter cell line and are then introduced into the mouse genome to generate the Reck Cr allele. On a genetic background sensitized by heterologous loss of Gpr124, Reck
Cr mutant mice display angiogenesis defects in the ganglionic eminence. These data are consistent with a requirement for RECK/GPR124 binding in WNT7 signaling and CNS angiogenesis, but they also show that RECK has additional functions in this context, as the complete Left: GPR124 and RECK are ligand-specific co-activators for WNT7/b-catenin signaling. Cho et al. (2017) show in this issue of Neuron that RECK and GPR124 cooperate in CNS endothelial cells and associate with Wnt receptor complexes in a WNT7A/B-specific manner. Right: a related receptor complex in retinal endothelial cells mediates Norrin signaling via Frizzled4. The tetraspanin TSPAN12 is a ligand-specific amplifier of signaling. Next to its function in the retina, Norrin regulates the cerebellar blood-brain barrier. Norrin and Wnt7A/B operate in parallel pathways in some brain regions, e.g., the embryonic hindbrain. Modified from Lai et al. (2017). inactivation of Reck (e.g., using exon1 deletion) causes considerably more severe defects. Cho et al. (2017) The striking function of the receptor cofactors in WNT7 signaling remains a fascinating subject.
